, chlorophyll b → a energy transfer occurs on the 100-200 fs and 10's of ps timescale [3, 4] .
Thus, chlorophyll a fluorescence (i.e. a ns timescale phenomenon) is selectively elicited by the modulation LEDs of the 6400-40 fluorometer. Chlorophyll a fluorescence emission exhibits peak wavelengths detectable at 690 nm and 730 nm [5] . However, in leaves, due to significant reabsorbance of the shorter (i.e. < 715 nm) wavelengths, fluorescence emission at 690 is weak [6] .
The 6400-40 fluorometric detector configuration consists of optical filters that result in preferential detection of fluorescence predominantly at wavelengths longer than 715 nm. It has been demonstrated, however, that 30% and 50% of the minimum fluorescence yield (ΦF), or Fo (below), detected at 730 nm in C3 and C4 species, respectively, is not quenched by nonphotochemical quenching (NPQ) [7] in the photosystem (PS) II antenna [5] . It is thus thought that this non-quenched fluorescence emanates from pigment matrices not associated with PSII and very likely represents fluorescence emanating from PSI [5] , requiring a corrective protocol (see below).
According to a "lake" model of PSII photophysics [8] , PAM chlorophyll a fluorescence parameters can be described by fluorescence yield (ΦF) equations that represent ratios of rate constants for processes that compete with one another to quench singlet excited chlorophyll dark-adaptation (Fo) can be described as in [8] :
The parallel, first order rate constants kF, kd, kISC, and kpi correspond to the processes of fluorescence, intrinsic heat dissipation, intersystem crossing from 1 Chl * to the triplet state
, and intrinsic electron transfer within the PSII reaction center, respectively. The parameter qL (see below) represents the proportion of the oxidized, first quinone acceptor (QA) [9, 10] in the PSII reaction center (QA/(QA + QA -), and its value is assumed to be 1 after prolonged dark-adaptation. The rate constant for NPQ, kNPQ, is not included in Eqn. 1 since prolonged dark-adaptation is assumed to allow this composite of processes [7] , including the rapidly reversible component referred to as energy-dependent quenching (qE), state transitions (qT), and quenching due to inhibition (qI), to relax (kNPQ = (kqE + kqT + kqI)). The maximum ΦF from such a dark-adapted state (Fm) is measured by applying a brief (i.e. 500-1000
Virlouvet et al., Dehydration Stress Memory Gene Networks 3 ms) saturating flash of light that is several orders of magnitude higher than full sunlight and can be expressed as:
The assumption is that the saturating flash causes qL to approach zero, such that (kpi*qL) drops out of the denominator in Eqn. 2. The minimum ΦF under steady-state illumination (F') is expressed as:
In Eqn. 3 qL is assumed to be between 0 and 1 depending upon variability in the intensity of steady-state illumination, etc., during which NPQ processes are also variably engaged. Thus, in contrast to the expression for Fo (Eqn. 1), kNPQ is included in the denominator of Eqn. 3. The expression for the maximum ΦF under steady-state illumination (Fm') is:
Fm' is explicitly assumed herein to represent the true value of maximum ΦF under steady-state illumination, as opposed to the value of apparent Fm' ( A Fm') (see below). The minimum ΦF during steady-state illumination assuming qL = 1 (Fo') is expressed as:
Fo' is obtained by turning off the steady-state actinic light and simultaneously applying a brief pulse (i.e. ~7 sec.) of far-red light [6] , which preferentially excites PSI, e.g. in order to completely oxidize QA -(i.e. qL → 1.). The major component of NPQ is qE and it quickly (i.e.
seconds-to-minutes) relaxes in the dark [11] . Ten minutes following a light-to-dark transition, application of a saturating flash, e.g. in order to cause qL → 0, results in an estimate the maximum ΦF assuming qE has relaxed (Fm") [12, 13] :
Accuracy of the physiologic phenomena reported herein that are based on measurements of the abovementioned fluorescence parameters presupposes accurate determination of Fm', which has been shown rather to be prone to underestimation by traditional "rectangular" flashes many orders of magnitude higher than full sunlight [14] [15] [16] . In contrast, an approach based on a multi-phase flash (MPF) of irradiance has been shown to provide valid approximations of Fm' [14] . An MPF involves measuring changes in PAM chlorophyll a fluorescence during three contiguous "phases" of change in flash irradiance. indicated that there was no need to estimate Fm' using the MPF approach, but that it could be obtained using traditional rectangular flashes.
Combined gas exchange and PAM chlorophyll a fluorescence measurements were performed by placing an individual, fully expanded leaf across the 6 cm 2 chamber. The leaf area inside the chamber was recorded prior to gas exchange measurements if the entire chamber area was not covered. The reference CO2 concentration and leaf temperature were maintained at 380 ppm and 22°C, respectively. The leaf fan speed was set at fast, flow rate was 300 µmol s -1 , and gas exchange measurements were done at PAR of 500 µmol photons m -2 s -1 inside the chamber.
Relative humidity of the ambient air was 35-65 %, and no humidity control was used. Seedlings were dark-adapted overnight prior to measurements in hydration states W and R1, but not S1 and S2 due to constraints of the experimental design, since plants were only exposed to dehydration stress in the light [17] . Leaves were gently clamped into the chamber and estimates of Fo and Fm were measured just prior to, and during the maximum intensity of, a rectangular flash (~4700 µmol photons m -2 s -1 ), respectively. The leaf was then exposed to actinic light of 500 µmol photons m -2 s -1 for 40 minutes and steady-state gas exchange rates were measured, as were F'
and Fm' by measuring ΦF just prior to, and during the maximum intensity of, a rectangular flash Even though seedlings in S1 and S2 hydration states could not be dark-adapted, precluding estimation of Fo, Fm, as well as their derivative parameters (i.e. NPQ, Fv/Fm), qE is the major component of NPQ [7] and does not require estimation of Fm (see below). Thus, qE was estimated during all four hydration states.
Physiologic phenomena that are based on measurements of the abovementioned fluorescence parameters were calculated as described in Baker et al. [18] , using the nomenclature in Table 1 . Briefly, the maximum quantum efficiency of PSII photochemistry (Fv/Fm) was calculated as:
Fv/Fm is a robust parameter that has been previously shown to be conserved across a diverse range of 43 species (mean Fv/Fm = 0.83  0.022) [19] , and it is a sensitive indicator or stress [20] . As mentioned above, 30% and 50% of Fo detected at 730 nm in C3 and C4 species, respectively, is thought to emanate from PSI. However, while both photosystem PSI and PSII emit fluorescence at these detected wavelengths, the physiologic phenomena based on PAM chlorophyll a fluorescence parameters are predicated on measuring fluorescence emission solely from PSII [5, 21] . for correction [6] .
The operating efficiency of PSII (PSII) is measured under illuminated conditions, it can be used to estimate a wide assortment of important photosynthetic phenomena, and it is calculated as:
It is evident from inserting ΦF's described by Eqns. 3 and 4 into Eqn. 8, and performing the necessary algebraic manipulations (right side of the expression), that PSII can be impacted, in part, by the ability of PSII reaction centers to transfer electrons to secondary electron acceptors (i.e. QA -→ QB) [9, 10] , a direct reflection of the value of qL, which varies between 0 and 1 in Eqn.8. qL can be derived from ΦF parameters according to Kramer et al. [8] :
Note that qP is calculated as in Genty et al. [22] :
.
qP has historically been reported to be representative of the proportion of open PSII reaction centers, but it should be stressed that qP represents the proportion of open centers only in the context of a "puddle" model of PSII photo-physics, whereas it has been shown that PSII photophysics are best described rather by a lake model [8, 9] . Nonetheless, herein we chose to report qP since it behaved qualitatively similar to qL (data not shown). While PSII can also be impacted by NPQ processes, it is not explicitly evident from Eqn. 8 the extent to which NPQ does so. In contrast, the PSII maximum efficiency under illuminated conditions (Fv'/Fm'), a parameter, unlike PSII, that is based on the assumption that qL = 1, provides explicit information about how PSII is impacted by changes in NPQ and is calculated as [18] :
PSII can be used to quantify electron transfer (ETR), a process involving oxidation of water at PSII and, via a linked series of redox reactions, reduction of NADP + at the reducing side of PSI:
We calculated ETR [23] assuming equal distribution of light energy between PSI and PSII (0.5) and a leaf absorbance (αleaf) of 0.84 (Earl and Tollenaar 1998). [7, 12] and the quantum yield of energy dependent quenching (φqE) [24] :
and
The former is predicated on qL = 0, whereas the latter expression accommodates the intrinsic variability in qL (i.e. between 0 and 1) that occurs under fluctuating light, etc. The ratio of qE to ETR (qE/ETR) was calculated in order to detect the possibility of a previously reported stressinduced phenomenon termed qE sensitivity [8, 13] . It was previously shown that biochemically perturbing CO2 metabolism (i.e. by artificially lowering CO2 availability to the leaf in order to mimic drought stress) significantly reduced ETR, and yet higher levels of qE were nonetheless generated, e.g. qE became more sensitive to ETR upon biochemical perturbation [8, 13] . The ratio of ETR to gross CO2 assimilation (PG) provides an estimate of the electron requirement of the carboxylative reactions [14, 25] , a parameter that can be indicative of alternative energyconsumptive reactions (i.e. photorespiration). PG corresponds to the total amount of CO2 that is assimilated and was calculated as:
PN represents net photosynthesis and R corresponds to dark respiration, which was obtained by measurement of PN in the dark for the dark-adapted plants. PG was also used to estimate the quantum yield of CO2 assimilation (φCO2) [25] :
